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Abstract 
In this contribution, the potential of Pulse Electrochemical Machining (PECM) for the machining of lamellar cast iron is 
investigated with regard to the machining performance during electrolysis with sodium nitrate as electrolyte and stainless steel as 
cathode. Therefore, the material removal characteristics of lamellar cast iron with PECM are determined by performing systematic 
design of experiments techniques applying an industrial PECM machine system (PEMCenter8000) to fulfill the effective utilization 
of the process and to minimize the number of trials. An analysis of the precision of the manufactured geometries and the possibility 
of generating defined surface qualities are contents of this study. 
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1. Introduction  
Pulse Electrochemical Machining (PECM) is an 
unconventional procedure combining pulsed current and 
pulsed electrode feed rate (Fig. 1), which is very suitable 
for high precision production in series manufacturing. 
The main advantage compared to conventional 
electrochemical processes is that the current pulse is 
only triggered at the bottom dead center. This allows for 
reaching smaller gaps compared to other electrochemical 
processes, leading to more accuracy [1]. Besides, the 
electrolyte in the interelectrode gap is refreshed by a 
removal product free electrolyte during the pulse off-
time leading to better process stability.  
Different applications require the positioning of 
complex geometric contours with high precision and 
high surface quality demands in work pieces made of 
cast iron. Valve seats in pump bodies, e.g., are required 
for high pressure fuel injection and other hydraulic 
applications. Traditional machining of lamellar cast iron 
by cutting causes normally serious tool wear. Because of 
its non-tool wear properties [2-3], PECM appears as an 
economically very attractive alternative procedure.  
Although a few attempts of understanding the 
mechanisms of the PECM process have been reported 
[3-4], a comprehensive modeling and analysis of the 
machining characteristics are needed to raise the 
technical knowledge desired by industrials. 
 
 
Fig. 1. Principle of Pulse Electrochemical Machining  
Therefore, the present paper emphasizes features of 
the development of comprehensive mathematical models 
for correlating the interactive and higher-order 
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influences of the various machining parameters (applied 
voltage, pulse on-time, vibration frequency of the tool, 
feed rate and electrolyte pressure) on the material 
removal rate (MRR) and surface roughness (Ra), for 
achieving controlled PECM and an optimal selection of 
process parameters in order to reduce the product 
development phase [5]. The investigations into the 
influence of these parameters have been carried out by 
developing mathematical models based on the Response 
Surface Methodology approach (RSM) [6-7].  
2. Experimental set-up 
The chemical composition of the used lamellar cast 
iron is shown in Table 1. 
Table 1. Lamellar cast iron composition 
C Si Mn S Cr Cu P Ni Fe 
3.5 2.0 0.6 0.0135 0.05 0.15 0.51 0.05 balance 
 
The dimensions of the tube-shaped specimens were 
19mm in diameter and 30mm in height. They were 
drilled by a central hole of 7mm in diameter which 
enables an inside-out electrolyte flushing. All samples 
were grinded before the measuring to maintain the 
surface roughness Ra=0.8μm. The working surface of 
the cathode made of stainless steel had been 
electrochemically machined in advance to provide for 
the roughness Ra=0.1μm. The experiments were 
conducted on an industrial PEMCenter8000 from the 
company PEMTec SNC in Forbach (France). The 
electrolyte was axially fed to the processing zone 
through the workpiece. The electrolyte used for the 
experiments was a solution of NaNO3 with a 
concentration of 8% and a conductivity of 65mS/cm. 
The machining was carried out for a fixed time interval 
of 120s and an initial working gap of 30μm.  
The material removal rate was determined by 
measuring the mass loss on a precision balance and the 
surface roughness with a profilometer MarSurf XR 20.  
3. Design of experiments 
The design of experiments used for analyzing the 
influence of the fundamental process parameters 
(applied voltage U, pulse on-time ton, tool vibration 
frequency f, feed rate v and electrolyte pressure P) on the 
machining characteristics (MRR and Ra) is proposed 
according to Siebertz, Bebber and Hochkirchen [8]. The 
experimentation scheme consists of a central composite 
second order design with a 2k factorial, in which k is the 
number of parameters, with the aim to study both the 
higher-order parameter effects and their interactions.  
For those five process variables, the design requires 
52 experiments subdivided in 32 factorial points, 10 
axial points corresponding to the central composite 
design and 10 center points for replication to estimate 
the experimental error. The experimental plan was 
generated and analyzed with the statistical software 
MINITAB 16. The central composite parameter α was 
set to 2.3784 to ensure a rotatable design and the 10 
central points guarantee uniform precision for the 
developed mathematical models.  
The original values of experimental parameters in this 
set of trials are shown in Table 2. The parameter levels 
were chosen such that each parameter combination of 
the experimental plan provides for a stable process. The 
experiments have been carried out according to the 
designed experimentation based on the central composite 
second-order rotatable design with uniform precision as 
presented in Table 3.  
4. Response Surface Methodology 
Response Surface Methodology (RSM) is a procedure 
for analyzing the relationship between the process 
variables and the responses. These are mathematically 
fitted by second-order polynomials which enable the 
evaluation of the parametric effects of the process 
parameters and their interactions on the investigated 
machining criteria. Those polynomials can be developed 
as follows: 
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Y represents the corresponding response and Xi the 
coded levels of quantitative variables. The coefficient b0 
is the constant term and the coefficients bi, bii, and bij are 
respectively the linear, quadratic and interaction terms 
estimated by applying the least square technique using 
the observations collected through the design points.  
4.1. Mathematical modeling of MRR 
Based on Eq. 1 and using the results presented in 
Table 3, the mathematical relationship for correlating the 
MRR (in g/min) and the considered process parameters 
was obtained as follows:  
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Table 2. Values of experimental parameters and their coded levels 
Parameters Symbol Levels 
  
-2.3784 -1 0 +1 +2.3784 
Voltage  
(V) X1 6.2 9 11 13 15.8 
Pulse  
on-time (ms)  X2 2.1 2.9 3.5 4.1 4.9 
Frequency 
(Hz)  X3 40.5 46 50 54 59.5 
Feed rate 
(mm/min) X4 0.015 0.07 0.11 0.15 0.205 
Pressure 
(bar) X5 1.12 2.50 3.50 4.50 5.88 
 
4.2. Mathematical modeling of Ra 
A comprehensive model based on Eq. 1 has been 
developed to correlate the interaction and higher-order 
effects of the previously mentioned process parameters 
on the Ra criteria (in μm). The mathematical relationship 
obtained for analyzing the influences of the dominant 
machining parameters is given by: 
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5. Analysis, validation and optimization of the 
developed models 
The analysis of variance (ANOVA) and the F-ratio 
test have been performed to justify the goodness of the 
mathematically modeled fittings. The calculated values 
of F-ratio for lack of fit are compared to the critical 
Fisher value for a 95% confidence limit and the 
corresponding degrees of freedom. As shown in Table 4 
and 5, the F-values for lack of fit for MRR (2.63) and Ra 
(2.23) are smaller than the critical Fisher value 
F(0.05;22;9)=2.92, indicating that the model can be 
considered as statistically significant. Besides, the 
obtained regression coefficients R² and R²adj [8] are 
respectively of 90.18% and 83.85% for MRR, and of 
91.66% and 86.18% for Ra, ensuring an excellent fitting 
for the relationship between the process parameters and 
the investigated machining criteria.  
Afterwards, the developed equations are tested with 
the software MINITAB 16 by applying the student’s t-
test to highlight the significant process parameters. 
Therefore, the estimated coefficients are divided by their 
respective standard error value and compared to the 
critical student’s value for a 95% confidence limit and 
the corresponding degrees of freedom t(0.05,31)=2.04. 
Thus, the models can be optimized by successively 
removing the non-significant parameters [7-8] until the 
maximum value of R²adj is achieved, ensuring the 
maximum modeling efficiency [8]. 
Table 3. Experimental design matrix and results 
Trial X1 X2 X3 X4 X5 MRR (g/min) 
Ra  
(μm) 
1 -1 -1 -1 -1 -1 0.0912 1.5556 
2 1 -1 -1 -1 -1 0.1278 1.7257 
3 -1 1 -1 -1 -1 0.1061 2.1306 
4 1 1 -1 -1 -1 0.1518 1.8182 
5 -1 -1 1 -1 -1 0.0866 1.6285 
6 1 -1 1 -1 -1 0.0907 1.5152 
7 -1 1 1 -1 -1 0.1333 2.2707 
8 1 1 1 -1 -1 0.1189 1.9901 
9 -1 -1 -1 1 -1 0.1721 1.6903 
10 1 -1 -1 1 -1 0.1949 1.5055 
11 -1 1 -1 1 -1 0.1641 2.2049 
12 1 1 -1 1 -1 0.1929 1.8602 
13 -1 -1 1 1 -1 0.1863 1.5450 
14 1 -1 1 1 -1 0.2598 1.2056 
15 -1 1 1 1 -1 0.1861 2.3188 
16 1 1 1 1 -1 0.2031 2.0286 
17 -1 -1 -1 -1 1 0.0720 1.5318 
18 1 -1 -1 -1 1 0.1164 1.5067 
19 -1 1 -1 -1 1 0.0964 1.6895 
20 1 1 -1 -1 1 0.1380 2.1964 
21 -1 -1 1 -1 1 0.1054 1.7080 
22 1 -1 1 -1 1 0.1158 1.5182 
23 -1 1 1 -1 1 0.1562 2.2506 
24 1 1 1 -1 1 0.1519 1.9721 
25 -1 -1 -1 1 1 0.1620 1.1766 
26 1 -1 -1 1 1 0.1856 1.2040 
27 -1 1 -1 1 1 0.1741 1.6416 
28 1 1 -1 1 1 0.1977 1.9710 
29 -1 -1 1 1 1 0.2032 1.2411 
30 1 -1 1 1 1 0.2213 1.2374 
31 -1 1 1 1 1 0.1547 2.0641 
32 1 1 1 1 1 0.2736 2.1435 
33 -α 0 0 0 0 0.1177 1.8538 
34 α 0 0 0 0 0.2028 1.8898 
35 0 -α 0 0 0 0.1191 1.3371 
36 0 α 0 0 0 0.1655 2.3787 
37 0 0 -α 0 0 0.1724 1.7563 
38 0 0 α 0 0 0.1686 1.8178 
39 0 0 0 -α 0 0.0846 1.9709 
40 0 0 0 α 0 0.2965 1.5819 
41 0 0 0 0 -α 0.1363 2.2111 
42 0 0 0 0 α 0.1534 1.5839 
43 0 0 0 0 0 0.1412 1.3477 
44 0 0 0 0 0 0.1436 1.3811 
45 0 0 0 0 0 0.1674 1.5298 
46 0 0 0 0 0 0.1652 1.2831 
47 0 0 0 0 0 0.1508 1.4029 
48 0 0 0 0 0 0.1456 1.4906 
49 0 0 0 0 0 0.1493 1.3406 
50 0 0 0 0 0 0.1328 1.5546 
51 0 0 0 0 0 0.1324 1.4154 
52 0 0 0 0 0 0.1319 1.3231 
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Table 4. Results of the Analysis of Variance for MRR 
Source of 
variation 
Degrees 
of 
freedom 
Sum of 
squares 
Mean sum 
of squares 
F-
value 
p-
value 
Linear 5 0.088563 0.017713 51.00 0.000 
Square 5 0.004290 0.000858 2.47 0.054 
Interaction 10 0.006060 0.000606 1.74 0.115 
Lack of fit 22 0.009318 0.000424 2.63 0.068 
Error 9 0.001448 0.000161   
Total 51 0.109680    
5.1. Optimization of MRR  
The significant effects influencing the MRR are 
highlighted in the Pareto chart represented in Fig. 2. The 
mathematical relationship described in Eq. 2 is 
optimized by suppressing non-significant parameters, 
thereby reaching a regression coefficient R²adj=86.42%: 
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5.2. Optimization of Ra  
The significant effects influencing Ra are highlighted 
in the Pareto chart represented in Fig. 3. The 
mathematical relationship described in Eq. 3 is 
optimized by suppressing non-significant parameters, 
thereby reaching a regression coefficient R²adj=87.55%:  
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Fig. 2. Pareto chart of the material removal rate (MRR)  
Table 5. Results of the Analysis of Variance for Ra 
Source of 
variation 
Degrees 
of 
freedom 
Sum of 
squares 
Mean sum 
of squares 
F-
value 
p-
value 
Linear 5 3.61133 0.72227 46.39 0.000 
Square 5 1.14526 0.22905 14.71 0.000 
Interaction 10 0.54682 0.05468 3.51 0.003 
Lack of fit 22 0.40767 0.01853 2.23 0.107 
Error 9 0.07493 0.00833   
Total 51 5.78601    
6. Results and discussion  
6.1. Effect of machining parameters on MRR 
The mathematically developed model given by Eq. 4 
enables the quantitative analysis of the considered 
process parameters on the MRR behavior. The contour 
plots - Fig. 4 - were drawn for various combinations. 
The numbers represented are MRR values. The 
parameters not investigated in the various plots are 
maintained at their respective central value. 
From Fig. 2 it can be deduced that the electrolyte 
pressure or any interaction involving electrolyte pressure 
does not significantly influence the MRR whereas the 
applied voltage and the feed rate have the most 
significant effects on the MRR.  
From Fig. 4(a), it can be noted that an increase in the 
potential or in the feed rate leads to an increase in the 
electrolyzing current as well as in the current density in 
the interelectrode gap, involving a faster metal 
dissolution. This behaviour is found to be highly 
nonlinear and intensifies for the high voltage values. 
This complies with the fundamental principles of metal 
removal in PECM [3], [9-10].  
Fig. 4(b) exhibits the variation of MRR with respect 
to pulse on-time and vibration frequency. As electrical 
impulses are triggered at each bottom dead center, more  
 
 
Fig. 3. Pareto chart of the surface roughness (Ra) 
366   D. Bähre et al. /  Procedia CIRP  6 ( 2013 )  362 – 367  
 
Feed rate (mm/min)
V
ol
ta
ge
 
(V
)
0,200,150,100,05
12
11
10
9
8
0,12
0,18
0,24
0,30
Frequency (Hz)
Pu
lse
 
o
n
-
tim
e 
(m
s)
585654525048464442
4,5
4,0
3,5
3,0
2,5 0,135
0,150
0,165
0,180
0,195
 
Fig. 4 (a) Effect of voltage and feed rate on MRR (g/min), (b) Effect of 
pulse on-time and frequency on MRR (g/min)  
electric charges, i.e. more dissolution, can be exchanged 
at high frequency. In contrast, at low frequency fewer 
pulses are generated but the electrolyte refresh in the 
interelectrode gap becomes more efficient, thus 
increasing the conductivity and therefore also the current 
density. Besides, MRR increases with the pulse on-time. 
A longer impulse implies more exchange of electric 
charges, i.e. more anodic dissolution. 
6.2. Effect of machining parameters on Ra  
Based on Eq. 5, as developed through the 
experimental observations and Response Surface 
Methodology, studies of the effects of various process 
parameters on the surface roughness were carried out to 
analyze the suitable parametric combinations which 
ensure controlled Ra effects. The contour plots - Fig. 5 
and Fig. 7 - show the effects for various parameter 
combinations. The numbers represented in the contour 
plots are Ra values. 
Fig. 3 highlights the pulse on-time which is the most 
significant parameter influencing the surface roughness. 
Fig. 5(a) exhibits the influence of applied voltage and 
pulse on-time on Ra. At a short pulse on-time, the 
working gap decreases at constant feed rate, and 
therefore also the ohmic resistance. The result is an 
increased current density and consequently a better 
surface quality. At optimal pulse lengths, a polish film 
grows on the anode surface in which the ionic transport 
is hindered, involving a preferred metal dissolution at  
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Fig. 5 (a) Effect of voltage and pulse on-time on Ra (μm), (b) Effect of 
voltage and feed rate on Ra (μm) 
  
Fig. 6 Scanning electron micrographies of a machined lamellar cast 
iron at low voltage and low feed rate 
short diffusion paths leading to a surface leveling. If the 
pulse on-time is too short and the applied voltage is too 
low, i.e. low current density, the polish film cannot form. 
Inversely, at long pulse on-time - and particularly in 
addition at high voltage values - the polish film grows in 
a way that it perturbs the electrolyte flow by creating 
micro turbulences which reduce the leveling effect [9-
10].  
Fig. 5(b) illustrates the effect of applied voltage and 
feed rate on the surface roughness. At low voltage and 
low feed rate, the current density stays globally low at 
the anode surface but becomes locally amplified at the 
electrochemically preferred attack zones such as grain 
boundary [5], [9-10] and especially graphite-iron 
interfaces [4]. The difference in electric conductivity 
between graphite and iron leads to an amplification of 
the local electrical field at their interface, implying a 
higher current density. Thus, the microstructure is 
inhomogeneously oxidized, leading to an extremely poor 
surface finish (Fig. 6). High feed rates lead to a smaller 
interelectrode gap and thus a better copying accuracy 
and surface roughness. At the anode surface, a polish 
film grows, hindering the transport of metal ions so that 
the shortest diffusion path is privileged. This leads to a 
surface leveling [9].  
Fig. 7(a) shows the influence of pulse on-time and 
electrolyte pressure on Ra. The minimal surface 
roughness is obtained for high pressure and low pulse 
on-time. As explained before, a short pulse enables the 
optimal growth of a polish film at the anode surface, 
levelling the troughs and peaks, whereas long pulses 
cause such an important film growth that it interferes  
 
Pressure (bar)
Pu
lse
 
o
n
-
tim
e 
(m
s)
5,55,04,54,03,53,02,52,01,5
4,5
4,0
3,5
3,0
2,5
1,2
1,6
2,02,4
2,8
Frequency (Hz)
Pr
es
su
re
 
(b
a
r)
585654525048464442
5,5
5,0
4,5
4,0
3,5
3,0
2,5
2,0
1,5
1,50
1,75
2.002.25
2.50
 
Fig. 7 (a) Effect of pulse on-time and pressure on Ra (μm), (b) Effect 
of pressure and frequency on Ra (μm) 
 
Crater formation on the iron/graphite interface 
 
Crater formation after dislodgment of graphite inclusion 
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with the electrolyte flow, creating micro turbulence and 
thus diminishing the resulting surface finish [9]. At low 
pressure values, the gas bubbles formation is not 
repressed, leading to electrolyte disparities in the 
interelectrode gap and therefore inhomogeneous removal 
ratios involving low surface integrity. At very high 
pressure values a mechanism of mechanical erosion is 
taking place parallel to those of diffusion and migration. 
The inert graphite particles, once dislodged from the 
ferritic or perlitic matrix, hammer and deteriorate the 
electrode surface [10].  
Fig. 7(b) indicates the influence of pressure and 
cathode vibration frequency on Ra. At very low pressure 
values, the vibration frequency does not have a 
significant impact on the surface. On the contrary, at 
high pressure, involving machining without gas 
evolution, a slow up and down cathode movement 
improves the flow condition through better removal 
products evacuation and electrolyte refreshment. 
7. Analysis for optimization of the responses 
Based on the developed second-order response 
surface equation, the behavior and the evolution of the 
considered criteria can be predicted according to the 
various process parameters on the whole domain of 
investigation. Thus, boundary values can be 
simultaneously defined for MRR and Ra to optimize the 
machining parameters in order to maximize the surface 
quality and to minimize the machining time. 
Those optimal parameter combinations for 
maximizing the MRR and minimizing the Ra value of 
various machined workpieces are determined by solving 
Eq. 4 and Eq. 5 with the software MINITAB 16. The 
optimal values of the process variables obtained for 
achieving controlled pulse electrochemical machining of 
workpieces within the bounds of the mathematical 
models are listed in Table 6.  
8. Conclusions 
The analysis of the experimental observations using 
the Response Surface Methodology has demonstrated 
the dependence of the investigated criteria, namely MRR 
and Ra, and the PECM process parameters considered in 
the present study (applied voltage, electric pulse on-
time, cathode vibration frequency, cathode feed rate and 
electrolyte pressure). The mathematical models 
developed on the basis of RSM have been found to be 
very powerful to predict the complex, interactive and 
higher-order effects of the various predominant 
machining variables on the investigated criteria as 
demonstrated in the analysis of variance. Besides, these 
formulations will not only help in analyzing the 
influence of the predominant process parameters, but  
Table 6. Optimal values of process parameters to maximize MRR and 
minimize Ra 
Process parameters Values obtained 
 MRR Ra 
Voltage (V) 15.8 9.9 
Pulse on-time (ms)  2.1 2.1 
Frequency (Hz) 59.5 52.0 
Feed rate (mm/min) 0.205 0.190 
Pressure (bar) 5.88 4.44 
 
they are also useful for the optimal search of various 
parametric combinations for achieving a maximum and 
faster fulfillment of the objective requirements of 
controlled PECM in practical applications. 
The effective and efficient use of PECM technology 
for machining lamellar cast iron to achieve the optimal 
combination of an enhanced MRR and the generation of 
necessary Ra has been attempted.  
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